Grain boundary structure and current-voltage (I-V) characteristics were investigated for AE5(210) symmetrical tilt boundary of a Nb-doped SrTiO 3 bicrystal. The bicrystal was prepared by a hot-joining technique at high temperature in air. The high resolution transmission electron microscopy (HRTEM) study has revealed that the grain boundaries were perfectly joined at an atomic level without intergranular phases such as amorphous or secondary precipitates. In spite of the high coherency, the boundary tends to be faceted with low index planes of (110) and (410) to reduce grain boundary energy. On the other hand, the I-V property across the boundary was found to exhibit a cooling rate dependency from annealing temperature. In addition, the dependency shows a peak against cooling rates. This fact suggests that the non-linearity in I-V relation is dominantly controlled by a non-equilibrium process of a defect reaction.
Introduction
Donor-doped SrTiO 3 polycrystals prepared in a suitable annealing condition exhibit a non-linear behavior in currentvoltage (I-V) relation. [1] [2] [3] This electrical anomaly is considered to be due to a potential barrier, i.e., a double Schottky barrier (DSB), formed at grain boundaries, 4, 5) which results from negative charges given by electrons trapped at acceptorlike states. The electrical property observed in I-V relation is mainly controlled by the density and energy level of the acceptor-like states. Therefore, it is important to clarify an origin of the acceptor-like states for full-understanding the electrical property of DSB. In the case of covalent materials such as semiconducting Si, the acceptor-like states are often related to atomic disarrangements such as dangling bonds or a change in a coordinated number at grain boundaries. 6) This is because the change of atomic structure possibly forms extra states in a band gap. In contrast, it is known that charged-up point defects play an important role in SrTiO 3 . [7] [8] [9] [10] [11] [12] [13] Point defects in ionic materials such as SrTiO 3 tend to distribute ununiformly between a grain boundary and a bulk region, which is considered to result from the two reasons, i.e., the differences of formation energy of point defects at equilibrium state, and the differences of a diffusitivity of point defects at non-equilibrium state. As a result, if point defects negatively charged-up segregate at grain boundaries, potential barriers are generated by their negative charges. However, it has not been clarified yet how is the effects of point defect reaction on the electrical property of SrTiO 3 from a viewpoint of an equilibrium and a non-equilibrium state. For this purpose, to change cooling rates after annealing is a key to reveal such effects of a point defect reaction.
In this study, the effects of cooling rates on the electrical properties of DSB were investigated for a Nb-doped SrTiO 3 bicrystal with AE5(210) symmetric tilt boundary in order to clarify the non-equilibrium process.
Experimental Procedure
In this study, we prepared a bicrystal with a AE5(210) symmetric tilt grain boundary by joining two single crystals as shown in Fig. 1(a) . The tilt angle of the boundary is theoretically 53. 1 . For joining, commercial SrTiO 3 single crystals doped with 0.2 at% Nb (Earth Chemical Co. Ltd.) were used, whose size was 10 Â 10 Â 3 mm 3 . The broad face of 10 Â 10 mm 2 inclined at a half of the tilt angle from (010) was applied for a contacting plane. The contacting planes of the single crystals were ground and polished to a mirror state finally with 0.25 mm diamond slurry. After then, two single crystals were stacked to adjust the edges of the respective single crystals, and the stacked pair was heated at 1873 K for 10 h in air. Heating and cooling rates were 200 K/h in this joining process. After joining, some plates with a size of 10 Â 10 Â 1 mm 3 were machined from the bicrystals, and then they were annealed at 1873 K for 1 h with a heating rate of 200 K/h. At this annealing process, cooling rates were varied at 50$200 K/h to change a point defect reaction. Samples for I-V measurements were prepared from the annealed plates as schematically shown in Figs. 1(b) and (c). As for electrodes, Ag-Ohmic paste was used by fixing at 833 K for 0.25 h. The I-V properties were measured with a computerized system consisting of a current source (Model 220, Keithley Instruments, Inc. Cleveland, OH) and a voltage meter (Model 2010,Keithley Instruments, Inc. Cleveland, OH) at room temperature. The grain boundary atomic structure was investigated using a high-resolution transmission electron microscope (HRTEM; Model H-9000NAR, Hitachi Co., Ltd., Tokyo, Japan) operated at 300 kV. The thin foils for HRTEM observation were prepared using a conventional method including a mechanical thinning to $20 mm and an ion beam milling to electron transparency at an acceleration voltage of 3-5 kV.
Results
Figure 2(a) shows a typical HRTEM image of AE5 boundary prepared by the hot-joining method. The inset is a selected-area diffraction (SAD) pattern taken from both crystals. In the image, the electron beam direction is parallel to [001] of the two adjacent crystals, and the boundary is set at an edge-on condition. No intergranular phases such as amorphous phases or precipitates appear at the boundary. From the inset SAD pattern, a tilt angle is estimated to be 58.3 , which has a misfit of about 5.2 from an exact AE5 relation, i.e., 53.1 . Enlarged HRETEM image is shown in Fig. 2(b) . The boundary is perfectly joined even at an atomic scale under the joining condition used in this study. On the other hand, the boundary tends to show faceting features whose habit planes are near low index ones such as (110) and (410). The appearance of facets may be due to a small misfit including an asymmetry from an exact AE5 relation as previously reported. 14) Figure 3 shows I-V relations taken from the bicrystals prepared with various cooling rates after annealing. For comparison, I-V property obtained from a single crystal is also shown in the figure. The single crystal exhibits an Ohmic relation, indicating that the electrodes give Ohmic contact by the paste used in this study. In contrast, all boundaries show clear nonlinear relations, however, the nonlinearity exhibits a cooling rate dependency even though respective boundaries have a same grain orientation relationship. For example, the boundary cooled with 200 K/h shows small non-linearity while large non-linear property appears in the boundary cooled with 75 K/h. Figure 4 shows a relationship between cooing rates and values, where is defined as a nonlinear coefficient of @ log I=@ log V. As shown in the figure, the value of changes with cooling rates in spite of the same AE5 boundaries. In addition, it is noted that a cooling rate dependency of value has a peak around a cooling rate of 75 K/h. The appearance of the peak is due to an effect of non-equilibrium reaction as discussed later. Fig. 3 is often discussed in terms of a potential barrier, i.e., double Schottky barrier (DSB). The n-type DSB is generated by negative charges, which is given by electrons trapped at acceptor-like states formed around grain boundaries. Considering with a simple DSB model, a magnitude of non-linearity is closely related to the number of the trapped electrons. A potential height without a bias voltage, 0 0 , can be written basically from Poison's equation,
Discussion
where e is an elementary charge, n S the number of trapped electrons, " 0 an dielectric constant, " r a relative dielectric constant, and N D a donor concentration. 15) According to Mukae's report, 16 ) max can be expressed as a function of a potential height of 0 0 as,
where k is Boltzmann constant, T temperature, and S a ratio of interface charges with and without a bias voltage. Here, a value of S is roughly assumed to be 1. Then, from eqs. (1) and (2), n S can be rewritten using max as,
As expressed in eq. (3), the number of trapped electrons is approximately proportional to max 1=2 . Figure 5 shows a plot of a relationship between n S and inversed cooling rates. In the figure, a value of n S does not exhibit systematic change against cooling rates, indicating that a process of trapping electrons is controlled by non-equilibrium process. On the other hand, a cross point at zero of a horizontal axis as indicated by the arrow gives a value of n S at an infinity of a cooling rate, i.e., a ''quenched value'' at the annealing temperature of 1873 K. These values of n S obtained from eq. (3) are roughly estimated ones, especially, the value at point (a), because its max is near to the unity, which possibly includes large error. Consideration with the error, it is reasonable that a quenched n S at 1873 K is almost zero value by indicated with a hatching area in Fig. 5 .
Formation mechanism of DSB
An electrical property of DSB is closely related to that of an acceptor-like state. In the case of semiconducting materials such as Si, an origin of the states is often discussed with atomic disarrangement at grain boundaries, 6) which is introduced to accommodate grain boundary incoherency. This is because dangling bonds and a change of coordinated number in covalent materials have a tendency to give extra states in a band gap. In this case, trapping area of electrons is restricted at grain boundary region. In contrast, point defects negatively charged up are considered to play an important role in electroceramic materials such as n-type SrTiO 3 . When such defects accumulate at a grain boundary, the negative charge given by the accumulation gives rise to a potential barrier. As for this phenomenon, two kinds of process, i.e., equilibrium and non-equilibrium process should be considered.
Generally, point defects have a tendency to generate or diminish at distorted areas such as grain boundaries. At annealing temperature, the defects generate at grain boundaries and diffuse to grain interiors. At this process, the defects whose formation energy is lower preferentially generate, resulting that such defects tend to accumulate in the vicinity of grain boundaries at equilibrium state. The accumulation of specific defects has been experimentally confirmed by several workers. [7] [8] [9] [10] [11] As for favorable defect species accumulating to grain boundaries, Tanaka et al. have recently reported that V Sr 00 is dominant from a first-principle calculation. 17) They insisted that the formation energy of V Sr 00 defect is lowest comparing with the other point defects composing SrTiO 3 lattice. On the other hand, cooling process after annealing is nonequilibrium one. On cooling with a moderate cooling rate, grain boundary oxidation enhances the accumulation of negative charged defects. Defects diffuse from grain interiors to grain boundaries on cooling, and they diminish there to decrease their concentration. However, defects whose diffusitivity is faster will recover more. In SrTiO 3 , a diffusivity of oxygen ions is considered to be fastest so that accumulation layer with excess cation vacancies will be enlarged in the vicinity of grain boundaries as shown in Fig. 6 .
As shown in Fig. 5 , a value of quenched n S is much smaller than that of n S obtained from other cooling rates. This fact means that an effect of defect segregation at equilibrium state does not have so large influence on the electrical property of DSB. In other words, DSB is dominantly controlled by nonequilibrium process. This can be well interpreted by a plot of Fig. 4 . In the figure, a maximum point appears in a cooling rate dependency of non-linearity, i.e., non-linearity at 50 K/h is smaller than that at 75 K/h. This is because too smaller cooling rate makes defect distribution approach to an equilibrium condition, resulting a decrease of non-linearity.
Conclusion
This study has shown the effect of cooling rates on I-V characteristics of AE5(210) symmetric tilt grain boundary. The conclusions obtained in this study are as follows:
(1) Perfectly joined boundaries could be obtained by annealing a stacked pair of two single crystals at 1873 K for 10 h in air. (2) HRTEM study revealed that the two single crystals are joined in solid state. The boundary was found to be free from any other secondary phases. The boundary has a misfit angle about 5.2 from an exact AE5 relation. The grain boundary consists of facets of low index planes such as (010) and (410), which is due to a small misfit angle and asymmetry. (3) I-V properties across the boundary exhibit a cooling rate dependency. The dependency shows a peak around a cooling rate of 75 K/h. On the other hand, the number of trapped electrons at annealing temperature of 1873 K estimated by the cooling rate dependency is nearly zero value. (4) The non-linear I-V characteristics is dominantly controlled by non-equilibrium process of a defect reaction. Funds from the Ministry of Education, Culture, Sports, Science and Technology, and Japan Society for Promotion of Science (JSPS), Japan.
